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1. Introduction 

The application of engineered ceramics has long been recognized as a potential quantum 
improvement for gun barrels by allowing for greater control of temperature, reducing weight, 
increasing rates of fire, and controlling barrel wear and erosion (1).  The greater erosion and 
thermochemical corrosion resistance of ceramics are expected to allow for the use of propellants 
that burn at a higher temperature and therefore give the projectile a much faster velocity.  
Typically, the faster a projectile is moving, the greater the range of the projectile and the more 
energy it will have upon impact with its target.  All in all, this leads to a much better ballistics 
system. 

One major motivation for building a better gun-barrel liner is political deterrence.  Typically, it 
seems to be that whoever has the most powerful weapons has the power to enforce whatever 
policies they deem necessary.  In today’s world, the threat of violence is often more powerful 
than the actual act (2).  This means that disputes between peoples of different political ideologies 
could be contained without the actual use of violence.  If conflicts can be avoided by deterrence, 
then many peoples’ lives (both civilians’ and soldiers’) would be saved.  In addition, developing 
weapons with greater range and accuracy can significantly add to the safety of the soldiers 
utilizing these weapons on the battlefield.  Also, substitution of more thermochemically robust 
ceramics for the chrome-plated steel that is conventionally used in gun tubes can enhance both 
environmental safety and health effects by eliminating the emission of toxic compounds that 
contain chrome during propellant combustion. 

Recently, studies and tests have shown that ceramic gun barrels can potentially be used for 
limited time periods in standard ballistics applications without showing signs of wear or cracking 
(2).  The initial problem here is to find a ceramic that has the properties necessary to be used for 
extended periods of time in the hazardous environment that is created from the firing of a 
ballistic weapon. 

The temperatures and pressures that are generated from the firing of the propellant can lead to 
cracking and spallation within gun tubes because of the differences in thermal expansion, yield 
behavior, and modulus of elasticity between the liner and the gun barrel.  In addition, corrosion 
and phase transitions can occur from the reactions between the propellant and the ceramic liner 
(2).  All of these issues must be addressed to enable candidate materials selection and to ensure 
sustainability of the technology when fielded in a weapons system. 

In addition, the steel gun barrels currently used by the U.S. Army have a short lifecycle.  It is 
anticipated that ceramic gun-barrel liners will provide a 50% increase in barrel life with 
sustained accuracy for direct and indirect fire.  The extended life of ceramic gun liners will lead 
to a reduction in maintenance costs for weapons that are capable of utilizing the technology (3).   
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The U.S. Army Research Laboratory (ARL), Aberdeen Proving Ground (APG), MD, originally 
chose eight materials that might be suitable for this purpose (3).  These materials were tested by 
Van Akin to assess their relative performance in thermochemically aggressive environments 
simulating propellant combustion (2).  The results of this testing showed that the Kennametal* 
TK4 SiAlON (STK4 per ARL nomenclature) had some of the best properties of all the tested 
materials.  SiAlON gun-barrel liners have already been shown to be capable of surviving at least 
1000 rounds in single-shot mode and 100 rounds in burst-firing mode of conventional 
ammunition in a .50-cal machine gun using M2 propellant (4).  

Another consideration, however, in finding a suitable ceramic for gun-barrel liners is to 
determine if long tubes of a material can be manufactured with satisfactory fidelity in 
dimensions, composition, and strength.  In order to evaluate the robustness of the tube, it will be 
necessary to determine the density and strength profile along the length of the tube.  Strength and 
density are properties closely linked in ceramics, which means that a deviation of one will likely 
lead to a change in the other.  Development of density gradients, deformation during handling of 
green compacts, and deformation induced by differential sintering kinetics during the sintering of 
regions with different starting densities can all lead to the production of tubes with gradients in 
strength and variations of dimensions.  These gradients and deviations from anticipated 
dimensions all detract from the ability of the manufactured product to be used in gun-barrel 
applications. 

Development of methods for quantifying density gradients, dimensional fidelity of tubes, and 
strength gradients are necessary.  These methodologies can then be employed to enhance 
manufacturability and to help demonstrate the sustainability of ceramic gun tube liner 
technology. 

2. Literature Survey 

SiAlONs are solid solutions that consist of a silicon nitride (Si3N4) base with alumina and rare 
earth oxides which are added to promote liquid phase sintering and ultimately form the SiAlON 
composition.  SiAlON combines excellent strength, hardness, fracture toughness and low thermal 
expansion with high corrosion resistance, high temperature strength, and oxidation resistance 
which are required for reliable performance, both thermochemically and thermomechanically, in 
aggressive applications.   

Kennametal produces a SiAlON labeled as TK4 which the ARL has referred to as STK4 in their 
initial evaluation.  Samples of this material in tube form had been supplied to ARL for 
examination for use as a gun tube liner material.  However, early fracture analysis of STK4 

                                                 
*Kennametal Inc., Latrobe, PA (http://www.kennametal.com). 
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material revealed that many specimens were failing due to the presence of stainless-steel 
inclusions that were present due to the stainless-steel sieves used for the powders during 
processing.  Once this was discovered, the use of stainless steel as a sieve material was 
eliminated and a different sieve material was used in its place.  All material received after this 
point was given the ARL designation of ITK4 where the ‘I’ stands for improved.  Aside from the 
material used for sieving, STK4 and ITK4 are exactly the same material (5).   

The STK4, based on previous calculations and data, has a Young’s modulus of 336 GPa, a 
fracture toughness of 6.5 MPa*m1/2, and a density of 3.349 g/cm3 (3).  In most cases, the 
outcome of these tests would be influenced by the atmosphere in which the tests were conducted.  
However, silicon-nitride-based ceramics, such as SiAlONs, have been known to show very little 
change in fracture toughness or crack propagation behavior when exposed to various levels of 
moisture in the surrounding environment (6).  

The purpose of this project is to determine if tubes of ITK4 SiAlON can be manufactured such 
that the integrity and properties of the tube are maintained along its entire length.   

The material was manufactured by cold isostatic pressing, and then sintered in a pressureless 
process using a nitrogen overpressure to suppress decomposition.  By using this sintering 
technique in lieu of the more commonly used hot-pressing techniques, the monetary and energy 
costs of manufacture are kept to a minimum.  The ITK4 SiAlON was also subjected to a 
post-sintering, hot isostatic pressing process to achieve full densification (3).  Small additions of 
sintering aids are added to the SiAlON to improve the densification kinetics which promotes 
densification via liquid phase sintering (7).  In this case, ytterbium has been added as the 
sintering aid.  The resultant SiAlON ceramic has the following phase assemblage (table 1), and a 
typical microstructure is shown in figure 1. 

Table 1.  Composition of microstructure of STK4 SiAlON. 

60% Alpha SiAlON YbxSi12-(m+n)Alm+nOnN16-n x ~ 0.29 
m = 3x 
n - cannot be estimated from 
lattice parameter measurements 

40% Beta SiAlON Si6-zAlzOzN8-z z ~ 0.44 
 
In order to determine how well these tubes can be manufactured, it will be necessary to examine 
the different properties of the tubes themselves as well as the ceramic in the tubular 
configuration.  Variability in both dimensional and density characteristics of the tubes can be 
introduced at various steps in the production process.  When the powder is initially loaded to be 
cold-isostatically pressed, it may not be loaded uniformly and density gradients could form right 
from the start.  In addition, when the green part is moved to be sintered, it could sag causing 
variations in the tube dimensions.  Finally, if the tube is not supported correctly during sintering,  
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Figure 1.  Microstructure of Kennametal TK4 SiAlON (STK4) with 60% alpha phase and 40% 
beta phase.  Sample was etched in molten KOH (3). 

it could sag further which would alter the final tube dimensions and could cause further gradients 
in the density of the final product.  Because of all of this, it will be advantageous to examine how 
the density of the tube varies across its length.  One way to determine this is to use immersion 
density techniques to find the density of sections of the tube.  While water could be used for this 
process, kerosene is more commonly used due to its lower surface tension.  This property allows 
the kerosene to enter the majority of any open porosity that may exist in the test specimen.  The 
dimensional fidelity can be evaluated by making various measurements of samples of the tubes 
with calipers.  While a method such as this may be a bit more primitive, it is less time-intensive 
and more cost-effective than using optical instrumentation.  The measurements made using 
calipers should give a good representation of the samples and could indicate whether more 
intensive analysis needs to be performed. 

The dimensional properties of the tube also have an effect on the strength of the tube.  If some 
portions of the tube walls are thinner than others, then the strength of the tube at those points can 
potentially be compromised.   

The configuration of the tubular samples allows for the use of diametral compression as a 
strength-testing technique.  Much work has been done within recent years to develop and revise 
the methods for determining the strengths of samples tested under diametral compression (8).  In 
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general, the ring is compressed while in the upright position until failure.  The load required to 
promote failure and the initial dimensions of the ring are used to determine the strength of the 
ring.  Once all the strength data is collected, the overall strength of the tube, as well as the 
identification of any gradients, can be determined through the use of the Weibull analysis.  
Weibull statistical analysis is based on the weakest link theory and relates the failure probability 
to the Weibull modulus, which is a measure of the scatter of the data, and the characteristic 
strength which corresponds to the strength of a unit volume specimen stressed in uniform tension 
(8).  The Weibull modulus is useful in assessing how consistent the overall tube strength is.  The 
higher the Weibull modulus, the less spread there is in the data, which is what is expected for a 
tube that has the same strength throughout its length.  The characteristic strength gives a good 
estimate of the overall strength of all samples in a set and helps to compare the strength of 
several different sample sets to one another. 

Based on the testing methods that have been discussed previously, it should be possible to 
critically examine the properties of ITK4 ceramic tubes and determine if these tubes are able to 
be produced without strength or density gradients, and with good dimensional fidelity. 

3. Statement of Work 

The combination of high stiffness, high temperature capability, and superior wear resistance 
inherent to ceramic materials make them ideal candidates as liners for military gun-barrel 
applications.  It is anticipated that the use of a ceramic-lined gun barrel will increase muzzle 
kinetic energy and provide a significant increase in barrel life.  Some small-caliber systems will 
require ceramic tubes approximately 500 mm long.  While tubes of this length can be 
manufactured, there is a question of the quality and consistency of the material along the entire 
tube length.  This will be determined by assessing material properties along the tube length and 
the statistical analysis of this data.  The following tasks will be performed: 

1. Perform wet density measurements on O-ring specimens from tubes supplied by ARL. 

2. Perform diametral compression testing of O-ring specimens at room temperature to 
determine the strength. 

3. Conduct 100% optical analysis of the strength specimens and scanning electron microscope 
(SEM) analysis of select specimens to determine the strength-limiting flaws. 

4. Perform a statistical analysis of the density and strength data to determine the consistency 
of the material along the entire length of the tube. 
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4. Experimental Procedure 

4.1  Materials Studied 

A total of 67 specimens was received for testing.  All of them were Kennametal ITK4 SiAlON.  
The specimens were O-rings machined from five different ITK4 tubes.  Two of the tubes  
were originally 200 mm in length, and the other three tubes were 100 mm in length.  The  
200-mm-length tubes were labeled as ITK4-4 and ITK4-14.  The 100-mm-length tubes were 
labeled ITK4-6, ITK4-7, and ITK4-8. 

The specimens were supplied by ARL.  Tubes ITK4-6, ITK4-7, and ITK4-8 were cut into 10 
rings each.  ITK4-4 produced 19 rings, of which only 18 were analyzed (specimen number 14 
was not available for analysis).  ITK4-14 produced 20 rings, of which only 19 were analyzed 
(specimen number 3 was not available for analysis).  The nominal dimensions of the inner and 
outer diameters were 24.0 mm and 33.0 mm, respectively.  The nominal width of the rings was 
8 mm.  Each ring had its edges chamfered. 

4.2  Density Determination 

In order to determine if there were any density gradients present in the tubes, each O-ring was 
subjected to immersion density testing.  The densities were measured by Archimedes’ method, 
by measuring the mass of the specimens in air and then again in kerosene which had previously 
had its density calibrated using ASTM D 891-95 (9).  Since the density of the kerosene is 
temperature dependent, the kerosene was allowed to equilibrate at ambient temperature prior to 
density testing.  In addition, the kerosene temperature was recorded along with the mass data 
each time a measurement was made.  From all of this data, as well as the known temperature 
dependence for the density of the kerosene, the densities of the specimens were calculated using 
equations 1 and 2. 

 air
sample kerosene

air kerosene

mρ = ρ
m – m

, (1) 

and 

 keroseneρ = -0.0005T + 0.786 , (2) 

where T = temperature (°C) and ρkerosene = kerosene density (g/cm3). 
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The densities of the specimens were measured three times each and then averaged.  After the 
measurements were made, the specimens were set inside a fume hood to allow the fan to aid in 
the evaporation of the kerosene from the specimen surface.  The three immersion tests of each 
specimen were made on different days to allow extra time for the kerosene to evaporate from the 
specimens. 

4.3  Roundness Testing 

The O-ring specimens were all tested for roundness by measuring inner and outer diameters of 
the specimens at various points.  All specimens were measured along two arbitrary diameters 
which were perpendicular to each other.  In addition to these measurements, specimens from 
ITK4-6 and ITK4-7 were also measured along a third diameter which was labeled as the vertical 
axis for diametral compression testing.  It was then determined that more measurements were 
necessary in order to get a better sense of the overall roundness of the specimens.  The specimens 
from ITK4-6 and ITK4-7 had at this point already been subjected to destructive strength testing.  
However, the remainder of the specimens were available for this additional analysis.  Each of 
these specimens was measured at 4 diameters, each 45° from the last with the first measurement 
labeled as the vertical axis for compression testing (in addition to the two initial arbitrary 
measurements).  All measurements were made using digital calipers. 

The roundness was calculated by using equation 3: 

 least

greatest

droundness =
d

, (3) 

where dleast = smallest diameter and  dgreatest = largest diameter. 

 % out-of-roundness = (1 – roundness) × 100%. (4) 

All measurements made for a given specimen were used together to calculate the roundness of 
that specimen.  Since specimens from ITK4-4, ITK4-8, and ITK4-14 had many more 
measurements made for use in roundness calculations, the calculated roundness should be much 
closer to the actual roundness of the specimen than for specimens with fewer measurements 
made.  This is due to the fact that fewer measurements may not show all of the potential diameter 
deviations present in the specimen, whereas a bigger sample size of measurements will better 
show these deviations. 

4.4  Strength Testing 

Diametral compression consists of compressing the specimen between two platens along the ring 
diameter.  While the specimen is being compressed, some regions will be under a tensile stress 
while other regions will be under a compressive stress.  Figure 2 shows where these regions lie 
on the specimen.   
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Figure 2.  Schematic representation of the tangential 
stress field existing in a diametrically 
compressed O-ring specimen. 

If the specimens are prepared and tested properly, the failure due to the compressive load applied 
along the diameter should occur on the inside diameter along the y-axis. 

During testing for out-of-roundness, all the specimens were marked along the vertical axis used 
for compression as shown in figure 3.  Specimens from ITK4-8, ITK4-4, and ITK4-14 were 
marked as shown in figure 4.  The extra marks denote the placement of measurements made for 
roundness testing.  All marks were made to allow the specimen pieces to be reoriented properly 
for post-fracture analysis of flaws contributing to failure. 

Diametral compression was performed using an Instron Model 4202.  Specimens from ITK4-6 
and ITK4-7 were tested with pieces of Grafoil placed at the contact points of the platens and the 
specimen.  The Grafoil was used to help avoid parasitic stresses at the contact points.  However, 
the use of the Grafoil caused anomalies in the data due to deformation and failure of the Grafoil.   
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Figure 3.  O-ring markings for specimens 
from ITK4-6 and ITK4-7. 

 

 

Figure 4.  O-ring markings for specimens 
from ITK4-4, ITK4-8, and  
ITK4-14. 

The remaining specimens were tested with manila folder paper placed at the contact points of the 
platens and the specimen.  This removed the effect of the Grafoil from the compression data.  
Typical plots for specimens tested with and without Grafoil can be seen in figures 5 and 6, 
respectively.   
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Typical Load versus Time for Specimens Tested With Grafoil
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Figure 5.  Typical load-vs.-time graph for specimens tested in diametral compression 
with Grafoil at contacts. 

 

Typical Load versus Time for Specimens Tested Without Grafoil
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Figure 6.  Typical load-vs.-time graph for specimens tested in diametral compression with 
manila folder paper at contacts instead of Grafoil. 
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All specimens were tested using a crosshead speed of 0.5 mm/min.  The load-vs.-time data was 
recorded and stored in electronic form.  The maximum load at failure was recorded for each 
specimen and was used, along with the specimen’s dimensional measurements and failure angle, 
which are all shown in figure 7, to calculate the maximum stress on the specimen using 
equation 5 (8).  

 

 

Figure 7.  O-ring measurement schematic. 

 

 a a
θ

r y r yΡ 1σ = [0.637 - cosΘ( + )]
2 I A I

, (5) 

where 

 P = load, 

 Θ = 90 – Ψ, 

 ra = (ri + ro)/2, 

 y = ra – r, 

 A = b(ro – ri) = bt, and 

 ( )3 3
o i

1 1I = b r - r = bt
12 12

. 
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5. Results and Discussion 

5.1  Density Determination 

Figure 8 displays the density of the calibrated kerosene used for the immersion density as a 
function of temperature as determined using ASTM D 891-95 (9).   

 

 

Figure 8.  Density vs. temperature of calibrated kerosene used for immersion density measurements. 

 
The densities of the specimens, which were calculated using Archimedes principle as described 
previously, are shown in figures 9 through 13.  Although the initial mass measurements were 
made to five significant figures, there was fluctuation in the final digit and so the densities are 
reported to only four significant figures. 
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ITK4-4 Immersion Density Results
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Figure 9.  Plot showing immersion density results for specimens from ITK4-4.  Bars represent 
one standard deviation of three measurements for the sample.  ITK4-4 was initially a  
200-mm-long tube.  Specimen no. 14 was unavailable for analysis. 

 
ITK4-6 Immersion Density Results

3.360

3.365

3.370

3.375

3.380

3.385

3.390

3.395

3.400

1 2 3 4 5 6 7 8 9 10

Specimen

D
en

si
ty

 (g
/c

c)

 

Figure 10.  Plot showing immersion density results for specimens from ITK4-6.  Bars represent 
one standard deviation of three measurements for the sample.  ITK4-6 was initially a  
100-mm-long tube. 
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ITK4-7 Immersion Density Results
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Figure 11.  Plot showing immersion density results for specimens from ITK4-7.  Bars represent 
one standard deviation of three measurements for the sample.  ITK4-7 was initially a  
100-mm-long tube. 

 
ITK4-8 Immersion Density Results
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Figure 12.  Plot showing immersion density results for specimens from ITK4-8.  Bars represent 
one standard deviation of three measurements for the sample.  ITK4-8 was initially a 
100-mm-long tube. 
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ITK4-14 Immersion Density Results
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Figure 13.  Plot showing immersion density results for specimens from ITK4-14.  Bars represent 
one standard deviation of three measurements for the sample.  ITK4-14 was initially 
a 200-mm-long tube.  Specimen no. 3 was unavailable for analysis. 

The large error bars present for specimens 9 and 10 of ITK4-8 (figure 12) are due to a single 
measurement for each specimen that was much larger than the other two measurements for that 
specimen.  Eliminating the rogue measurements drops the averages for specimens 9 and 10 to 
3.374 and 3.375 g/cm3, respectively.  The resultant standard deviations are also very close in 
comparison to those found for the rest of the samples.  This suggests that the apparent density 
gradient may not actually exist; however, the sample size for each statistical population is too 
small to determine this definitively. 

ITK4-6 (figure 10) and ITK4-7 (figure 11) appear to have fairly uniform densities across their 
lengths.  At first glance, it would appear that possible density gradients exist in tubes ITK4-4 
(figure 9), ITK4-8 (figure 12), and ITK4-14 (figure 13).  In order to check whether or not 
gradients exist for all of the tubes, the averages for the specimens were statistically tested against 
each other.  A two-tailed z-test of averages was performed using equations 6 and 7.  A 
confidence interval of 95% was used.  The corresponding z-value at 95% confidence is 1.96, 
based on z tables (10).  

 
2 2

1 2
X-Y = +σ σσ

m n
, (6) 
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where  

 σX-Y = standard deviation of X-Y, 

 σ1 = standard deviation of X, 

 σ2 = standard deviation of Y, 

 m = sample size of X, and 

 n = sample size of Y. 

 
YX

YXz
−

−
=
σ

, (7) 

where 

 X = average 1, 

 Y = average 2, and 

 σX-Y = standard deviation of X-Y. 

If the absolute value of the calculated value of z is <1.96, then the two averages are the same.  If 
the absolute value of the calculated value of z is ≥ 1.96, then the two averages are not the same. 

Results of this analysis are found in tables 2 through 6. 

Table 2.  Statistical analysis of immersion density measurements for specimens from ITK4-4.  Highlighted values 
denote dissimilar values based on the criteria. 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9
Sample 1 — 0.54 0.99 –0.76 1.81 1.30 –0.02 2.52 –0.15 
Sample 2 –0.54 — 0.09 –0.86 0.43 0.25 –0.59 0.84 –0.61 
Sample 3 –0.99 –0.09 — –0.89 0.67 0.27 –1.21 1.50 –0.97 
Sample 4 0.76 0.86 0.89 — 0.95 0.92 0.76 1.03 0.73 
Sample 5 –1.81 –0.43 –0.67 –0.95 — –0.39 –2.54 1.84 –1.54 
Sample 6 –1.30 –0.25 –0.27 –0.92 0.39 — –1.63 1.37 –1.21 
Sample 7 0.02 0.59 1.21 –0.76 2.54 1.63 — 3.52 –0.15 
Sample 8 –2.52 –0.84 –1.50 –1.03 –1.84 –1.37 –3.52 — –2.07 
Sample 9 0.15 0.61 0.97 –0.73 1.54 1.21 0.15 2.07 — 
Sample 10 0.02 0.63 1.52 –0.76 5.58 2.21 –0.01 7.72 –0.17 
Sample 11 –0.74 0.10 0.32 –0.86 1.19 0.64 –0.92 2.10 –0.76 
Sample 12 –1.69 –0.37 –0.55 –0.94 0.21 –0.26 –2.34 1.87 –1.46 
Sample 13 –1.92 –0.60 –0.92 –0.99 –0.54 –0.71 –2.47 0.58 –1.68 
Sample 15 –1.06 –0.28 –0.28 –0.93 0.12 –0.09 –1.21 0.69 –1.07 
Sample 16 –2.50 –0.80 –1.46 –1.02 –2.03 –1.32 –3.59 0.26 –2.04 
Sample 17 –1.28 –0.90 –0.94 –1.16 –0.79 –0.86 –1.31 –0.58 –1.31 
Sample 18 –1.49 –0.31 –0.40 –0.93 0.32 –0.12 –1.96 1.55 –1.34 
Sample 19 –1.49 –0.27 –0.33 –0.92 0.60 –0.01 –2.04 2.14 –1.31 
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Table 2.  Statistical analysis of immersion density measurements for specimens from ITK4-4.  Highlighted values 
denote dissimilar values based on the criteria (continued). 

 Sample 10 Sample 11 Sample 12 Sample 13 Sample 15 Sample 16 Sample 17 Sample 18 Sample 19
Sample 1 –0.02 0.74 1.69 1.92 1.06 2.50 1.28 1.49 1.49 
Sample 2 –0.63 –0.10 0.37 0.60 0.28 0.80 0.90 0.31 0.27 
Sample 3 –1.52 –0.32 0.55 0.92 0.28 1.46 0.94 0.40 0.33 
Sample 4 0.76 0.86 0.94 0.99 0.93 1.02 1.16 0.93 0.92 
Sample 5 –5.58 –1.19 –0.21 0.54 –0.12 2.03 0.79 –0.32 –0.60 
Sample 6 –2.21 –0.64 0.26 0.71 0.09 1.32 0.86 0.12 0.01 
Sample 7 0.01 0.92 2.34 2.47 1.21 3.59 1.31 1.96 2.04 
Sample 8 –7.72 –2.10 –1.87 –0.58 –0.69 –0.26 0.58 –1.55 –2.14 
Sample 9 0.17 0.76 1.46 1.68 1.07 2.04 1.31 1.34 1.31 
Sample 10 — 1.21 4.61 3.62 1.36 10.35 1.34 3.03 3.75 
Sample 11 –1.21 — 1.04 1.36 0.54 2.09 1.04 0.83 0.79 
Sample 12 –4.61 –1.04 — 0.65 –0.05 1.98 0.82 –0.16 –0.38 
Sample 13 –3.62 –1.36 –0.65 — –0.37 0.49 0.68 –0.69 –0.91 
Sample 15 –1.36 –0.54 0.05 0.37 — 0.63 0.79 –0.02 –0.10 
Sample 16 –10.35 –2.09 –1.98 –0.49 –0.63 — 0.61 –1.53 –2.26 
Sample 17 –1.34 –1.04 –0.82 –0.68 –0.79 –0.61 — –0.84 –0.87 
Sample 18 –3.03 –0.83 0.16 0.69 0.02 1.53 0.84 — –0.14 
Sample 19 –3.75 –0.79 0.38 0.91 0.10 2.26 0.87 0.14 — 

 

Table 3.  Statistical analysis of immersion density measurements for specimens from ITK4-6.  Highlighted values 
denote dissimilar values based on the criteria. 

  Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10
Sample 1 — 1.96 2.26 0.92 –0.51 1.05 0.72 1.65 2.12 1.62 
Sample 2 –1.96 — 0.38 –0.44 –1.15 –2.01 –1.34 0.20 0.60 0.18 
Sample 3 –2.26 –0.38 — –0.66 –1.24 –2.63 –1.68 –0.05 0.33 –0.06 
Sample 4 –0.92 0.44 0.66 — –0.91 –0.39 –0.41 0.51 0.80 0.50 
Sample 5 0.51 1.15 1.24 0.91 — 0.82 0.77 1.18 1.32 1.17 
Sample 6 –1.05 2.01 2.63 0.39 –0.82 — –0.15 1.26 1.92 1.22 
Sample 7 –0.72 1.34 1.68 0.41 –0.77 0.15 — 1.13 1.60 1.10 
Sample 8 –1.65 –0.20 0.05 –0.51 –1.18 –1.26 –1.13 — 0.29 –0.01 
Sample 9 –2.12 –0.60 –0.33 –0.80 –1.32 –1.92 –1.60 –0.29 — –0.29 
Sample 10 –1.62 –0.18 0.06 –0.50 –1.17 –1.22 –1.10 0.01 0.29 — 
 

Table 4.  Statistical analysis of immersion density measurements for specimens from ITK4-7.  Highlighted values 
denote dissimilar values based on the criteria. 

  Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10
Sample 1 — –0.11 –0.07 –0.58 –0.86 –0.26 0.80 0.47 0.51 1.37 
Sample 2 0.11 — 0.10 –1.05 –2.46 –0.29 1.46 1.03 1.66 2.90 
Sample 3 0.07 –0.10 — –1.14 –2.57 –0.36 1.40 0.96 1.53 2.81 
Sample 4 0.58 1.05 1.14 — –0.64 0.46 2.05 1.73 2.57 3.53 
Sample 5 0.86 2.46 2.57 0.64 — 0.97 2.69 2.51 5.59 4.96 
Sample 6 0.26 0.29 0.36 –0.46 –0.97 — 1.43 1.05 1.33 2.45 
Sample 7 –0.80 –1.46 –1.40 –2.05 –2.69 –1.43 — –0.49 –0.61 0.67 
Sample 8 –0.47 –1.03 –0.96 –1.73 –2.51 –1.05 0.49 — –0.01 1.35 
Sample 9 –0.51 –1.66 –1.53 –2.57 –5.59 –1.33 0.61 0.01 — 1.85 
Sample 10 –1.37 –2.90 –2.81 –3.53 –4.96 –2.45 –0.67 –1.35 –1.85 — 
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Table 5.  Statistical analysis of immersion density measurements for specimens from ITK4-8.  Highlighted values 
denote dissimilar values based on the criteria. 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10
Sample 1 — 9.53 –4.00 –0.21 2.99 –0.76 –0.11 3.27 0.91 0.88 
Sample 2 –9.53 — –11.21 –4.68 –4.25 –3.78 –3.35 0.06 0.43 0.67 
Sample 3 4.00 11.21 — 2.20 5.93 0.97 1.71 4.94 1.19 1.00 
Sample 4 0.21 4.68 –2.20 — 1.94 –0.53 0.04 2.89 0.93 0.89 
Sample 5 –2.99 4.25 –5.93 –1.94 — –1.96 –1.41 1.85 0.70 0.79 
Sample 6 0.76 3.78 –0.97 0.53 1.96 — 0.50 2.87 1.02 0.93 
Sample 7 0.11 3.35 –1.71 –0.04 1.41 –0.50 — 2.47 0.92 0.89 
Sample 8 –3.27 –0.06 –4.94 –2.89 –1.85 –2.87 –2.47 — 0.41 0.67 
Sample 9 –0.91 –0.43 –1.19 –0.93 –0.70 –1.02 –0.92 –0.41 — 0.45 
Sample 10 –0.88 –0.67 –1.00 –0.89 –0.79 –0.93 –0.89 –0.67 –0.45 — 

 

From table 2, specimens 7, 10, and 16 from ITK4-4 appear to be quite different from the 
majority of the other specimens.  Also, the dissimilarities found for specimens at the end of the 
tube tend to occur when paired with specimens from the middle of the tube.  This is especially 
prevalent towards the end of the tube with the higher numbered specimens.  This could suggest a 
density gradient for this tube. 

From table 3, ITK4-6 shows very little dissimilarity between samples.  This suggests a fairly 
uniform density across the length of the tube.  This is consistent with figure 10. 

Table 4 shows that specimens at the higher numbered end of ITK4-7 are dissimilar to the 
specimens located in the middle of the tube.  This suggests a density gradient across the tube.  
Based on figure 11, it is possible that the density is slightly higher towards the higher numbered 
end of the tube. 

From table 5, ITK4-8 appears to have many specimens that are dissimilar to each other.  
However, this is mainly due to the majority of the samples having such small standard 
deviations.  Specimens 9 and 10, as seen in figure 12, have excessively large standard deviations 
which cause them to fall into the range of every other specimen when compared with a 95% 
confidence level. 

Based on table 6 and figure 13, it seems highly possible that specimen 1 from ITK4-14 has a 
lower density than the rest of the tube.  In addition, there may be decreased density present in the 
middle of the tube as shown by the data for specimens 7, 8, and 9.  These density gradients could 
lead to strength gradients in the tubes.  Whether or not this is true will be examined later on. 
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Table 6.  Statistical analysis of immersion density measurements for specimens from ITK4-14.  Highlighted values 
denote dissimilar values based on the criteria. 

  Sample 1 Sample 2 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10
Sample 1 — 1.44 2.90 2.76 1.22 3.79 2.88 0.89 2.91 
Sample 2 –1.44 — 1.38 0.95 –0.28 2.13 1.09 –0.81 1.16 
Sample 4 –2.90 –1.38 — –0.94 –1.77 0.66 –0.76 –2.65 –0.60 
Sample 5 –2.76 –0.95 0.94 — –1.42 2.83 0.39 –2.66 0.58 
Sample 6 –1.22 0.28 1.77 1.42 — 2.66 1.57 –0.52 1.63 
Sample 7 –3.79 –2.13 –0.66 –2.83 –2.66 — –2.48 –4.12 –2.03 
Sample 8 –2.88 –1.09 0.76 –0.39 –1.57 2.48 — –2.84 0.24 
Sample 9 –0.89 0.81 2.65 2.66 0.52 4.12 2.84 — 2.85 
Sample 10 –2.91 –1.16 0.60 –0.58 –1.63 2.03 –0.24 –2.85 — 
Sample 11 –1.95 –0.64 0.56 0.01 –0.92 1.09 0.14 –1.45 0.22 
Sample 12 –1.33 0.21 1.75 1.40 –0.08 2.71 1.55 –0.64 1.62 
Sample 13 –3.00 –1.54 –0.24 –1.18 –1.92 0.33 –1.00 –2.77 –0.85 
Sample 14 –1.25 0.66 2.95 4.00 0.32 5.87 4.28 –0.37 3.99 
Sample 15 –2.23 –0.69 0.79 0.13 –1.04 1.63 0.31 –1.77 0.42 
Sample 16 –2.58 –1.06 0.36 –0.44 –1.43 1.09 –0.26 –2.23 –0.13 
Sample 17 –3.21 –1.54 0.05 –1.36 –2.01 1.02 –1.07 –3.22 –0.79 
Sample 18 –2.49 –0.67 1.29 0.76 –1.11 3.34 1.12 –2.23 1.20 
Sample 19 –2.83 –1.28 0.17 –0.77 –1.67 0.93 –0.57 –2.59 –0.41 
Sample 20 –1.91 –0.30 1.31 0.80 –0.64 2.36 0.99 –1.35 1.08 

 
 Sample 11 Sample 12 Sample 13 Sample 14 Sample 15 Sample 16 Sample 17 Sample 18 Sample 19 Sample 20
Sample 1 1.95 1.33 3.00 1.25 2.23 2.58 3.21 2.49 2.83 1.91 
Sample 2 0.64 –0.21 1.54 –0.66 0.69 1.06 1.54 0.67 1.28 0.30 
Sample 4 –0.56 –1.75 0.24 –2.95 –0.79 –0.36 –0.05 –1.29 –0.17 –1.31 
Sample 5 –0.01 –1.40 1.18 –4.00 –0.13 0.44 1.36 –0.76 0.77 –0.80 
Sample 6 0.92 0.08 1.92 –0.32 1.04 1.43 2.01 1.11 1.67 0.64 
Sample 7 –1.09 –2.71 –0.33 –5.87 –1.63 –1.09 –1.02 –3.34 –0.93 –2.36 
Sample 8 –0.14 –1.55 1.00 –4.28 –0.31 0.26 1.07 –1.12 0.57 –0.99 
Sample 9 1.45 0.64 2.77 0.37 1.77 2.23 3.22 2.23 2.59 1.35 
Sample 10 –0.22 –1.62 0.85 –3.99 –0.42 0.13 0.79 –1.20 0.41 –1.08 
Sample 11 — –0.87 0.73 –1.40 –0.07 0.27 0.58 –0.23 0.44 –0.44 
Sample 12 0.87 — 1.90 –0.46 0.99 1.39 2.01 1.07 1.65 0.58 
Sample 13 –0.73 –1.90 — –3.04 –0.99 –0.57 –0.33 –1.50 –0.41 –1.49 
Sample 14 1.40 0.46 3.04 — 1.85 2.41 4.26 3.18 2.93 1.35 
Sample 15 0.07 –0.99 0.99 –1.85 — 0.43 0.90 –0.22 0.65 –0.47 
Sample 16 –0.27 –1.39 0.57 –2.41 –0.43 — 0.38 –0.78 0.20 –0.92 
Sample 17 –0.58 –2.01 0.33 –4.26 –0.90 –0.38 — –1.87 –0.16 –1.55 
Sample 18 0.23 –1.07 1.50 –3.18 0.22 0.78 1.87 — 1.15 –0.42 
Sample 19 –0.44 –1.65 0.41 –2.93 –0.65 –0.20 0.16 –1.15 — –1.19 
Sample 20 0.44 –0.58 1.49 –1.35 0.47 0.92 1.55 0.42 1.19 — 
 

5.2  Roundness Testing 

The results from the out-of-roundness testing of the specimens are displayed in tables 7–11.   
It should be noted once again that specimens from ITK4-6 and ITK4-7 only had three 
measurements used in the calculations while the rest of the specimens had six measurements 
used. 
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Table 7.  ITK4-4 roundness test results. 

 
Sample 

O. D.  
Roundness

O. D. % Out of 
Roundness 

I. D.  
Roundness

I. D. % Out of 
Roundness 

1 0.993 0.70 0.997 0.30 
2 0.996 0.40 0.994 0.60 
3 0.996 0.40 0.991 0.90 
4 0.996 0.40 0.993 0.70 
5 0.996 0.40 0.996 0.40 
6 0.996 0.40 0.994 0.60 
7 0.997 0.30 0.994 0.60 
8 0.996 0.40 0.995 0.50 
9 0.995 0.50 0.992 0.80 

10 0.996 0.40 0.994 0.60 
11 0.997 0.30 0.992 0.80 
12 0.998 0.20 0.996 0.40 
13 0.997 0.30 0.992 0.80 
15 0.998 0.20 0.994 0.60 
16 0.999 0.10 0.995 0.50 
17 0.996 0.40 0.992 0.80 
18 0.996 0.40 0.996 0.40 
19 0.997 0.30 0.997 0.30 

Average 0.996 0.361 0.994 0.589 
Std. Dev. 0.001 0.129 0.002 0.184 

 

Table 8.  ITK4-6 roundness test results. 

 
Sample 

O. D.  
Roundness

O. D. % Out of 
Roundness 

I. D.  
Roundness

I. D. % Out of 
Roundness 

1 0.999 0.10 0.995 0.50 
2 0.999 0.10 0.995 0.50 
3 0.999 0.10 0.995 0.50 
4 0.999 0.10 0.995 0.50 
5 0.999 0.10 0.994 0.60 
6 1.000 0.00 0.994 0.60 
7 0.999 0.10 0.994 0.60 
8 0.999 0.10 0.993 0.70 
9 1.000 0.00 0.995 0.50 

10 1.000 0.00 0.995 0.50 
Average 0.999 0.070 0.994 0.550 
Std. Dev. 0.000 0.048 0.001 0.071 
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Table 9.  ITK4-7 roundness test results. 

 
Sample 

O. D.  
Roundness

O. D. % Out of 
Roundness 

I. D.  
Roundness

I. D. % Out of 
Roundness 

1 1.000 0.00 0.993 0.70 
2 1.000 0.00 0.995 0.50 
3 1.000 0.00 0.995 0.50 
4 1.000 0.00 0.995 0.50 
5 1.000 0.00 0.993 0.70 
6 1.000 0.00 0.994 0.60 
7 0.999 0.10 0.994 0.60 
8 0.999 0.10 0.994 0.60 
9 1.000 0.00 0.994 0.60 

10 1.000 0.00 0.995 0.50 
Average 1.000 0.020 0.994 0.580 
Std. Dev. 0.000 0.042 0.001 0.079 

 

Table 10.  ITK4-8 roundness test results. 

 
Sample 

O. D.  
Roundness

O. D. % Out of 
Roundness 

I. D.  
Roundness

I. D. % Out of 
Roundness 

1 0.999 0.10 0.993 0.70 
2 0.998 0.20 0.993 0.70 
3 0.999 0.10 0.994 0.60 
4 0.999 0.10 0.995 0.50 
5 0.998 0.20 0.995 0.50 
6 0.999 0.10 0.995 0.50 
7 0.999 0.10 0.995 0.50 
8 0.999 0.10 0.994 0.60 
9 0.999 0.10 0.994 0.60 

10 0.999 0.10 0.994 0.60 
Average 0.999 0.120 0.994 0.580 
Std. Dev. 0.000 0.042 0.001 0.079 

 



 

 22

Table 11.  ITK4-14 roundness test results. 

 
Sample 

O. D.  
Roundness

O. D. % Out of 
Roundness 

I. D.  
Roundness

I. D. % Out of 
Roundness 

1 0.998 0.20 0.996 0.40 
2 0.999 0.10 0.995 0.50 
4 0.999 0.10 0.995 0.50 
5 0.999 0.10 0.996 0.40 
6 0.998 0.20 0.994 0.60 
7 0.999 0.10 0.996 0.40 
8 0.999 0.10 0.996 0.40 
9 0.999 0.10 0.996 0.40 

10 0.999 0.10 0.996 0.40 
11 0.999 0.10 0.996 0.40 
12 0.998 0.20 0.996 0.40 
13 0.998 0.20 0.994 0.60 
14 0.997 0.30 0.994 0.60 
15 0.996 0.40 0.996 0.40 
16 0.997 0.30 0.995 0.50 
17 0.996 0.40 0.993 0.70 
18 0.996 0.40 0.996 0.40 
19 0.996 0.40 0.997 0.30 
20 0.997 0.30 0.996 0.40 

Average 0.998 0.216 0.995 0.458 
Std. Dev. 0.001 0.121 0.001 0.102 

 

All of the specimens from all tubes show out-of-roundness of less than 1% for both inner and 
outer diameters.  ITK4-4, ITK4-8, and ITK4-14 have higher calculated out-of-roundness than 
ITK4-6 and ITK4-7, mainly due to the fact that more measurements were taken for the former 
specimens which allowed for greater variability.  The inner diameters of all tubes displayed a 
greater tendency to be out-of-round than the outer diameters did.  For the purposes of gun tubes, 
this may not be a good thing, even though the out-of-roundness is less than 1%.  The projectiles 
that come through these tubes have a standard diameter and the tubes need to be standard as well 
in order to allow for the projectile to have maximum accuracy upon exiting the tube.   

5.3  Strength Testing 

All specimens with the exception of specimen 5 from ITK4-4 failed down through the vertical 
axis of the specimen.  Specimen 5 from ITK4-4 failed at an angle of 30° from the vertical axis.  
The results from the diametral compression testing are shown in figures 14–23.  The data was 
also plotted using Weib Par and maximum likelihood estimators of the Weibull modulus and 
characteristic strength.  All of the data used for these plots and calculations can be found in 
appendix C. 
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ITK4-4 Diametral Compression
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Figure 14.  ITK4-4 diametral compression results.  Average is shown as dark horizontal line. 

ITK4-4 Weibull Analysis
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Figure 15.  ITK4-4 Weibull analysis of maximum stress using Weib Par and maximum likelihood. 

Weibull Modulus: 11.8 
Lower Bound: 8.5 
Upper Bound: 16.5 

 
Characteristic Strength: 439.6 MPa 

Lower Bound: 425.1 MPa 
Upper Bound: 456.7 MPa 
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ITK4-6 Diametral Compression
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Figure 16.  ITK4-6 diametral compression results.  Average is shown as dark horizontal line. 
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Figure 17.  ITK4-6 Weibull analysis of maximum stress using Weib Par and maximum likelihood. 

Weibull Modulus: 29.8 
Lower Bound: 19.2 
Upper Bound: 47.2 

 
Characteristic Strength: 738.7 MPa 

Lower Bound: 727.7 MPa 
Upper Bound: 755.5 MPa 
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ITK4-7 Diametral Compression
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Figure 18.  ITK4-7 diametral compression results.  Average is shown as dark horizontal line. 
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Figure 19.  ITK4-7 Weibull analysis of maximum stress using Weib Par and maximum likelihood. 

Weibull Modulus: 9.3 
Lower Bound: 6.0 
Upper Bound: 14.7 

 
Characteristic Strength: 649.5 MPa 

Lower Bound: 614.4 MPa 
Upper Bound: 692.8 MPa 
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ITK4-8 Diametral Compression
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Figure 20.  ITK4-8 diametral compression results.  Average is shown as dark horizontal line. 

ITK4-8 Weibull Analysis
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Figure 21.  ITK4-8 Weibull analysis of maximum stress using Weib Par and maximum likelihood. 

Weibull Modulus: 21.6 
Lower Bound: 13.9 
Upper Bound: 34.1 

 
Characteristic Strength: 748.6 MPa 

Lower Bound: 732.3 MPa 
Upper Bound: 771.2 MPa 
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ITK4-14 Diametral Compression
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Figure 22.  ITK4-14 diametral compression results.  Average is shown as dark horizontal line. 
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Figure 23.  ITK4-14 Weibull analysis of maximum stress using Weib Par and maximum likelihood. 

 

Weibull Modulus: 9.4 
Lower Bound: 6.8 
Upper Bound: 13.0 

 
Characteristic Strength: 448.2 MPa 

Lower Bound: 429.8 MPa 
Upper Bound: 469.3 MPa 
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The data suggests a possible strength gradient for ITK4-4, with the higher strength specimens 
existing at the low numbered end of the tube and lower strength specimens existing at the high 
numbered end of the tube.  A comparison of the strength data and the density data can be found 
in section 5.4. 

Because specimen 5 from ITK4-4 had a different failure mode from the other specimens, it was 
not included in the Weibull analysis for the tube. 

The data highly suggests a strength gradient running from one end of the tube to the other.  A 
comparison of the strength data and the density data can be found in section 5.4. 

The data suggests that ITK4-8 has higher strength at one end than the other.  A comparison of 
the strength data and the density data can be found in section 5.4. 

The data presented for ITK4-14 shows a potential strength gradient with lower strength towards 
the lower numbered side than towards the higher numbered side.  A comparison of the strength 
data and the density data can be found in section 5.4. 

A plot comparing the Weibull plots for the data from the specimens from all tubes is shown in 
figure 24. 

 

 

Figure 24.  Weibull plots of strength data from specimens from ITK4-X sorted by tube of origin. 
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Based on this analysis, it appears that the longer tubes exhibited a lower characteristic strength 
than the shorter tubes.  With the exception of ITK4-7, the shorter tubes show much less 
variability in strength values over the length of the tube, although this could very well be due to 
the fact that there are almost twice as many samples in each long tube as there are in each short 
tube.  Table 12 contains an overall strength data comparison for ITK4-X tubes. 

 

Table 12.  Comparison of overall strength data for ITK4-X tubes. 

 
Tube 

Average 
Strength 
(MPa) 

 
Std. Dev. 

(MPa) 

Characteristic 
Strength  
(MPa) 

Lower 
Bound 
(MPa) 

Upper 
Bound 
(MPa) 

Weibull 
Modulus 

Lower 
Bound 

Upper 
Bound

ITK4-4 
(200-mm-long) 

404.33 89.63 439.6 425.1 456.7 11.8 8.5 16.5 

ITK4-14 
(200-mm-long) 

426.54 53.40 448.2 429.8 469.3 9.4 6.8 13.0 

ITK4-6 
(100-mm-long) 

730.68 22.01 738.7 727.7 755.5 29.8 19.2 47.2 

ITK4-7 
(100-mm-long) 

625.40 58.15 649.5 614.4 692.8 9.3 6.0 14.7 

ITK4-8 
(100-mm-long) 

735.34 35.37 748.6 732.3 771.2 21.6 13.9 34.1 

 

ITK4-7 appears to be different from the other two short tubes.  The Weibull analysis for this tube 
appears to be influenced by a potential outlying data point which may be abnormally higher than 
the rest.  This data point was removed in further analysis and the recalculated Weibull modulus 
and characteristic strength were 16.0 and 627.2 MPa.  While the recalculated Weibull modulus is 
closer to the Weibull moduli of the other short tubes, the recalculated characteristic strength is 
dropping farther from the characteristic strengths of the other short tubes.  

5.4  Strength/Density Comparisons 

Plots comparing the strength of samples within a tube with their individual density are shown in 
figures 25–29. 

The data for the density of ITK4-4 suggests, with the exclusion of a few specimens with 
abnormal standard deviations, that there is no real density gradient across the tube.  The strength 
data however shows decreased strength towards the higher numbered end of the tube.  Overall, 
there is about a 20% difference in strength between the two ends. 

The density data for ITK4-6 does not suggest any kind of a gradient.  The strength data, 
however, shows a decrease in strength across the tube length with ~5% variability in strength. 

 



 

 30

ITK4-4 Strength/Density Comparison
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Figure 25.  Comparison of strength and density values for specimens from ITK4-4.   ITK4-4 was 

initially a 200-mm-long tube.  Specimen 14 was not available for analysis.  The solid 
lines represent the averages of the data while the dotted lines represent one standard 
deviation. 

ITK4-6 Strength/Density Comparison
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Figure 26.  Comparison of strength and density values for specimens from ITK4-6.   ITK4-6 was 

initially a 100-mm-long tube.  The solid lines represent the averages of the data while 
the dotted lines represent one standard deviation. 
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ITK4-7 Strength/Density Comparison
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Figure 27.  Comparison of strength and density values for specimens from ITK4-7.  ITK4-7 was 
initially a 100-mm-long tube.  The solid lines represent the averages of the data while the 
dotted lines represent one standard deviation. 
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Figure 28.  Comparison of strength and density values for specimens from ITK4-8.  ITK4-8 was 
initially a 100-mm-long tube.  The solid lines represent the averages of the data while the 
dotted lines represent one standard deviation. 



 

 32

ITK4-14 Strength/Density Comparison
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Figure 29.  Comparison of strength and density values for specimens from ITK4-14.  ITK4-14 was 
initially a 100-mm-long tube.  Specimen 3 was not available for testing.  Specimen 11 
was broken during preloading and no data was available for strength analysis.  The solid 
lines represent the averages of the data while the dotted lines represent one standard 
deviation. 

Density data suggests a slight density gradient for ITK4-7 with the higher numbered specimens 
having a higher density.  However, the decrease in density is at most about 0.5% which tells us 
that, overall, the density is fairly uniform.  Strength data suggests decreased strength at the ends 
of the tube with about an 8% decline from the strength of the middle. 

The density data for ITK4-8 shows a gradient with higher density at the higher numbered end.  In 
truth, this gradient leaves only about 0.5% denser than the other.  This means that the tube has a 
fairly uniform density across its length.  The strength data also suggests higher strength (about 
5%) towards the higher numbered end.  Even though the density is uniform and the strength data 
shows somewhat of a gradient, in this case, the strength data and density data correspond well 
with each other.  The specimens that exhibited higher densities than their neighbors also 
exhibited higher strengths than their neighbors.  Overall, a higher density correlated directly with 
a higher strength on a specimen by specimen basis. 

The density of ITK4-14 varies only by about 0.6% over its length.  The strength, however, shows 
a tendency towards lower strength at the lower numbered end of the tube.  Overall, there is about 
a 30% change in strength across the tube length. 
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The majority of the tubes show very little deviation in the density of any given tube (no tube 
showed more than a 1% change along its length).  However, all of the tubes show a trend of one 
form or another in strength along their lengths.  The extent to which these trends occur across the 
tube length help determine the overall fidelity of the tube.  In general, an extreme gradient in 
either density or strength is a sign that the tube is not being manufactured uniformly and 
something in the production process needs to be changed.  Even if the tube meets strength and 
density requirements with the extreme fluctuation in properties, something in the production 
process should be changed to try to produce the tubes more uniformly as the variations in 
properties could eventually get out of control and lead to non-conformal tubes.  If the gradients 
are fairly small, and the properties are all well within their limits, then the tubes are being 
manufactured uniformly and no changes in production methods are absolutely necessary. 

In addition, there appears to be no real correlation between the roundness of the tube and the 
strength/density of the tube.  This may be due to the small amount of roundness measurements 
made for the tubes and the lack of precision that can be obtained from these measurements.  

5.5  Fractography 

All of the specimens showed flaws occurring from the inner surface of the O-ring, in the tensile 
stress field.  There don’t appear to be any specimens that failed due to an edge flaw.  Figure 30 
shows a typical failure origin for the O-rings.  Many of the pictures display a silvery-white area 
around the failure origin similar to that seen in figure 30.  In order to try and determine what this 
discoloration was, the failure origin of one of the specimens was examined using energy 
dispersive spectroscopy (EDS).  The specimen was examined at four spots in and around the 
failure origin.  All of the spectra from these spots were very similar in elemental composition.  
One of these spectra is shown in figure 31.  The only elements found were silicon, aluminum, 
nitrogen, oxygen, and ytterbium.  This suggests that there is no steel, or any other impurity, 
present in the composition. 

Specimen 5 from ITK4-4 was the only O-ring tested that did not fail down through the vertical 
axis upon testing.  It failed at an angle of 30° from the vertical axis.  Figures 31 and 32 show the 
two sides of the failure origin for this specimen.  The failure here is due to some sort of 
processing flaw, most likely an agglomerate or inclusion of some sort. 
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Failure Origin 

 

Figure 30.  Typical micrograph of failure origin for O-rings tested under diametral compression. 

 

 

Figure 31.  Typical EDS spectrum in and around failure origins of ITK4-X specimens. 
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Failure Origin 

 

Figure 32.  Fracture origin of specimen 5 from ITK4-4, side 1.   Failure appears to have 
been caused by an agglomerate or inclusion of some sort. 

Failure Origin 

 

Figure 33.  Fracture origin of specimen 5 from ITK4-4, side 2.   Failure appears to have 
been caused by an agglomerate or inclusion of some sort. 
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6. Conclusions 

The densities of all specimens tested are fairly similar with few exceptions.  All of the tubes 
studied showed less than a 1% difference (approximately 0.034 g/cm3) in density between any 
two specimens. 

In regards to dimensional properties, all tubes were within 1% out-of-roundness with the 
majority of samples less than 0.5% out-of-round. 

The shorter tubes (ITK4-6, ITK4-7, and ITK4-8) displayed higher overall strength values than 
the longer tubes (ITK4-4 and ITK4-14). 

ITK4-4 displayed a strength gradient that left one end 20% (77 MPa) stronger than the other end.  
The strength steadily declined from one end to the other. 

ITK4-6 showed a steady decline in strength from one end of the tube to the other, with one end 
5% (38 MPa) stronger than the other.  ITK4-7 displayed approximately an 8% (50 MPa) 
difference in strength between the middle of the tube and the ends with the ends of the tube 
displaying a lower strength.  ITK4-8 and ITK4-14 both showed a steady decline in strength from 
one end of the tube to the other.  ITK4-8 showed an overall change of about 5% (37 MPa) in 
strength.  ITK4-14 showed a 30% (100 MPa) difference in strength from end to end. 

Overall, there seems to be (for the most part) a correlation between strength and density.  The 
specimens that showed higher densities also tended to show higher strengths.  This may seem 
contrary to the previous statements which discussed the absence of density gradients and the 
presence of strength gradients.  However, these were mainly due to the small scale on which the 
densities could be compared to each other.  The strength values, however, are big enough that 
even small differences between samples are magnified and easier to see.  Therefore, whatever 
gradients exist for the strengths, tend to exist for the densities as well, just on a much smaller 
scale which is why there is no more than a 1% difference between any of the densities of any of 
the specimens. 

7. Future Work 

While some trends can be seen from the data and work shown here, further research is necessary 
to validate the results and expand this research further.  It would be advantageous to procure 
more tube samples and perform immersion density again but with more runs to allow for better 
statistical analysis of this data.  With only three runs per specimen, one outlying data point had 
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the potential to greatly skew the final data for that specimen and produced abnormal standard 
deviations. 

In addition, the roundness of new samples should probably be verified with a machine that can 
determine those properties optically by making thousands of diameter measurements at various 
points all around the sample. 
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Appendix A.  Immersion Density Measurements 

Table A-1.  ITK4-4 immersion density run no. 1. 

Specimen Mass in Air 
(g) 

Immersion Mass 
(g) 

Kerosene Temp.
 (˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 11.432 2.567 21.7 0.7578 3.3746 
2 11.490 2.580 21.8 0.7577 3.3744 
3 11.501 2.581 21.9 0.7577 3.3761 
4 11.508 2.581 22.0 0.7576 3.3779 
5 11.500 2.580 22.0 0.7576 3.3769 
6 11.527 2.587 22.0 0.7576 3.3757 
7 11.533 2.589 22.0 0.7576 3.3748 
8 11.520 2.584 22.1 0.7576 3.3773 
9 11.515 2.584 22.2 0.7575 3.3756 

10 11.511 2.583 22.2 0.7575 3.3758 
11 11.527 2.587 22.2 0.7575 3.3752 
12 11.473 2.574 22.2 0.7575 3.3764 
13 11.441 2.567 22.2 0.7575 3.3761 
14 Sample Does Not Exist 
15 11.469 2.572 22.3 0.7575 3.3776 
16 11.440 2.566 22.3 0.7575 3.3769 
17 11.427 2.563 22.4 0.7574 3.3768 
18 11.391 2.555 22.4 0.7574 3.3767 
19 11.353 2.547 22.4 0.7574 3.3760 

Average — — — — 3.3762 
Std. Dev. — — — — 0.0010 
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Table A-2.  ITK4-4 immersion density run no. 2. 

Specimen Mass in Air 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 11.432 2.564 22.6 0.7573 3.3765 
2 11.489 2.577 22.6 0.7573 3.3763 
3 11.501 2.579 22.6 0.7573 3.3772 
4 11.506 2.593 22.7 0.7573 3.3602 
5 11.499 2.579 22.7 0.7573 3.3764 
6 11.527 2.585 22.7 0.7573 3.3767 
7 11.533 2.587 22.8 0.7572 3.3756 
8 11.519 2.583 22.8 0.7572 3.3768 
9 11.514 2.582 22.8 0.7572 3.3766 

10 11.510 2.582 22.8 0.7572 3.3754 
11 11.527 2.585 22.8 0.7572 3.3765 
12 11.473 2.573 22.8 0.7572 3.3764 
13 11.440 2.565 22.8 0.7572 3.3771 
14 Sample Does Not Exist 
15 11.469 2.573 22.8 0.7572 3.3752 
16 11.439 2.565 22.8 0.7572 3.3768 
17 11.426 2.563 22.8 0.7572 3.3756 
18 11.390 2.554 22.8 0.7572 3.3769 
19 11.354 2.546 22.8 0.7572 3.3768 

Average — — — — 3.3755 
Std. Dev. — — — — 0.0039 

 

Table A-3.  ITK4-4 immersion density run no. 3. 

Specimen Mass in Air 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 11.433 2.565 22.6 0.7573 3.3755 
2 11.490 2.576 22.6 0.7573 3.3779 
3 11.500 2.580 22.6 0.7573 3.3756 
4 11.505 2.581 22.6 0.7573 3.3757 
5 11.499 2.579 22.6 0.7573 3.3766 
6 11.527 2.585 22.6 0.7573 3.3769 
7 11.534 2.587 22.7 0.7573 3.3762 
8 11.519 2.583 22.7 0.7573 3.3770 
9 11.514 2.584 22.8 0.7572 3.3740 

10 11.510 2.582 22.8 0.7572 3.3754 
11 11.527 2.585 22.8 0.7572 3.3765 
12 11.475 2.573 22.8 0.7572 3.3769 
13 11.440 2.565 22.8 0.7572 3.3771 
14 Sample Does Not Exist 
15 11.470 2.572 22.8 0.7572 3.3768 
16 11.440 2.565 22.8 0.7572 3.3771 
17 11.426 2.558 22.9 0.7572 3.3820 
18 11.392 2.555 22.9 0.7572 3.3759 
19 11.354 2.546 22.9 0.7572 3.3765 

Average — — — — 3.3767 
Std. Dev. — — — — 0.0016 



 

 43

Table A-4.  ITK4-4 immersion density summary. 

Specimen Run 1 Run 2 Run 3 Average 
(g/cm3) 

Std. Dev. 

1 3.3746 3.3765 3.3755 3.3756 0.0010 
2 3.3744 3.3763 3.3779 3.3762 0.0017 
3 3.3761 3.3772 3.3756 3.3763 0.0008 
4 3.3779 3.3602 3.3757 3.3713 0.0097 
5 3.3769 3.3764 3.3766 3.3766 0.0003 
6 3.3757 3.3767 3.3769 3.3764 0.0007 
7 3.3748 3.3756 3.3762 3.3755 0.0007 
8 3.3773 3.3768 3.3770 3.3770 0.0003 
9 3.3756 3.3766 3.3740 3.3754 0.0013 

10 3.3758 3.3754 3.3754 3.3755 0.0002 
11 3.3752 3.3765 3.3765 3.3761 0.0007 
12 3.3764 3.3764 3.3769 3.3766 0.0003 
13 3.3761 3.3771 3.3771 3.3768 0.0006 
14 Sample Does Not Exist 
15 3.3776 3.3752 3.3768 3.3765 0.0012 
16 3.3769 3.3768 3.3771 3.3770 0.0002 
17 3.3768 3.3756 3.3820 3.3782 0.0034 
18 3.3767 3.3769 3.3759 3.3765 0.0005 
19 3.3760 3.3768 3.3765 3.3764 0.0004 

Overall — — — 3.3761 0.0013 
 

Table A-5.  ITK4-6 immersion density run no. 1. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp.
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.821 2.429 22.4 0.7574 3.3742 
2 10.810 2.425 22.4 0.7574 3.3763 
3 10.824 2.428 22.4 0.7574 3.3765 
4 10.826 2.430 22.4 0.7574 3.3743 
5 10.837 2.435 22.4 0.7574 3.3708 
6 10.825 2.429 22.4 0.7574 3.3754 
7 10.823 2.429 22.4 0.7574 3.3748 
8 10.813 2.426 22.4 0.7574 3.3758 
9 10.809 2.425 22.6 0.7573 3.3755 

10 10.843 2.433 22.6 0.7573 3.3750 
Average — — — — 3.3749 
Std. Dev. — — — — 0.0016 
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Table A-6.  ITK4-6 immersion density run no. 2. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.820 2.428 22.6 0.7573 3.3748 
2 10.811 2.425 22.6 0.7573 3.3762 
3 10.827 2.429 22.6 0.7573 3.3756 
4 10.825 2.428 22.6 0.7573 3.3763 
5 10.838 2.431 22.6 0.7573 3.3762 
6 10.826 2.429 22.6 0.7573 3.3753 
7 10.824 2.428 22.6 0.7573 3.3760 
8 10.811 2.424 22.8 0.7572 3.3771 
9 10.808 2.424 22.8 0.7572 3.3762 

10 10.844 2.432 22.8 0.7572 3.3763 
Average — — — — 3.3760 
Std. Dev. — — — — 0.0006 

 

Table A-7.  ITK4-6 immersion density run no. 3. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.820 2.427 22.8 0.7572 3.3757 
2 10.810 2.425 22.8 0.7572 3.3754 
3 10.826 2.428 22.8 0.7572 3.3762 
4 10.826 2.428 22.8 0.7572 3.3762 
5 10.837 2.431 23.0 0.7571 3.3750 
6 10.825 2.428 23.0 0.7571 3.3755 
7 10.824 2.428 23.0 0.7571 3.3751 
8 10.811 2.425 23.0 0.7571 3.3753 
9 10.808 2.423 23.0 0.7571 3.3771 

10 10.843 2.431 23.0 0.7571 3.3769 
Average — — — — 3.3758 
Std. Dev. — — — — 0.0007 

 

Table A-8.  ITK4-6 immersion density summary. 

Specimen Run 1 Run 2 Run 3 Average 
(g/cm3)

Std. Dev.

1 3.3742 3.3748 3.3757 3.3749 0.0008 
2 3.3763 3.3762 3.3754 3.3759 0.0005 
3 3.3765 3.3756 3.3762 3.3761 0.0005 
4 3.3743 3.3763 3.3762 3.3756 0.0011 
5 3.3708 3.3762 3.3750 3.3740 0.0028 
6 3.3754 3.3753 3.3755 3.3754 0.0001 
7 3.3748 3.3760 3.3751 3.3753 0.0006 
8 3.3758 3.3771 3.3753 3.3761 0.0009 
9 3.3755 3.3762 3.3771 3.3763 0.0008 

10 3.3750 3.3763 3.3769 3.3761 0.0010 
Overall — — — 3.3756 0.0007 
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Table A-9.  ITK4-7 immersion density run no. 1. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.888 2.442 22.6 0.7573 3.3765 
2 10.878 2.441 22.4 0.7574 3.3753 
3 10.865 2.438 22.8 0.7572 3.3745 
4 10.864 2.438 22.7 0.7573 3.3744 
5 10.868 2.439 22.7 0.7573 3.3742 
6 10.856 2.437 22.6 0.7573 3.3735 
7 10.849 2.433 22.6 0.7573 3.3769 
8 10.845 2.432 22.6 0.7573 3.3770 
9 10.844 2.433 22.6 0.7573 3.3753 

10 10.844 2.431 22.6 0.7573 3.3781 
Average — — — — 3.3756 
Std. Dev. — — — — 0.0015 

 

Table A-10.  ITK4-7 immersion density run no. 2. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.888 2.443 22.0 0.7576 3.3765 
2 10.877 2.442 22.0 0.7576 3.3745 
3 10.864 2.438 22.1 0.7576 3.3757 
4 10.863 2.439 22.2 0.7575 3.3738 
5 10.869 2.440 22.2 0.7575 3.3743 
6 10.856 2.436 22.3 0.7575 3.3756 
7 10.850 2.435 22.4 0.7574 3.3749 
8 10.845 2.434 22.4 0.7574 3.3747 
9 10.841 2.432 22.4 0.7574 3.3762 

10 10.845 2.433 22.4 0.7574 3.3761 
Average — — — — 3.3752 
Std. Dev. — — — — 0.0009 

 

Table A-11.  ITK4-7 immersion density run no. 3. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density ( 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.888 2.445 22.4 0.7574 3.3728 
2 10.875 2.440 22.4 0.7574 3.3757 
3 10.865 2.438 22.4 0.7574 3.3754 
4 10.865 2.438 22.4 0.7574 3.3754 
5 10.870 2.440 22.4 0.7574 3.3742 
6 10.857 2.436 22.4 0.7574 3.3757 
7 10.850 2.433 22.4 0.7574 3.3776 
8 10.845 2.433 22.4 0.7574 3.3761 
9 10.841 2.432 22.4 0.7574 3.3762 

10 10.845 2.432 22.5 0.7574 3.3772 
Average — — — — 3.3756 
Std. Dev. — — — — 0.0014 
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Table A-12.  ITK4-7 immersion density summary. 

Specimen Run 1 Run 2 Run 3 Average  
(g/cm3) 

Std. Dev. 

1 3.3765 3.3765 3.3728 3.3753 0.0021 
2 3.3753 3.3745 3.3757 3.3751 0.0006 
3 3.3745 3.3757 3.3754 3.3752 0.0006 
4 3.3744 3.3738 3.3754 3.3745 0.0008 
5 3.3742 3.3743 3.3742 3.3742 0.0001 
6 3.3735 3.3756 3.3757 3.3749 0.0012 
7 3.3769 3.3749 3.3776 3.3765 0.0014 
8 3.3770 3.3747 3.3761 3.3759 0.0012 
9 3.3753 3.3762 3.3762 3.3759 0.0005 

10 3.3781 3.3761 3.3772 3.3771 0.0010 
Overall — — — 3.3755 0.0009 

 

Table A-13.  ITK4-8 immersion density run no. 1. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.909 2.448 22.4 0.7574 3.3752 
2 10.893 2.443 22.4 0.7574 3.3771 
3 10.897 2.446 22.4 0.7574 3.3742 
4 10.895 2.445 22.4 0.7574 3.3750 
5 10.899 2.445 22.4 0.7574 3.3762 
6 10.902 2.446 22.4 0.7574 3.3758 
7 10.903 2.446 22.4 0.7574 3.3761 
8 10.896 2.443 22.4 0.7574 3.3781 
9 10.892 2.436 22.5 0.7574 3.3863 

10 10.886 2.424 22.6 0.7573 3.4010 
Average — — — — 3.3795 
Std. Dev. — — — — 0.0083 

 

Table A-14.  ITK4-8 immersion density run no. 2. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.909 2.448 22.4 0.7574 3.3752 
2 10.893 2.443 22.5 0.7574 3.3769 
3 10.896 2.446 22.6 0.7573 3.3735 
4 10.894 2.445 22.6 0.7573 3.3742 
5 10.899 2.445 22.6 0.7573 3.3758 
6 10.902 2.447 22.6 0.7573 3.3740 
7 10.904 2.447 22.6 0.7573 3.3746 
8 10.896 2.444 22.6 0.7573 3.3762 
9 10.891 2.444 22.6 0.7573 3.3747 

10 10.886 2.443 22.6 0.7573 3.3745 
Average — — — — 3.3750 
Std. Dev. — — — — 0.0011 
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Table A-15.  ITK4-8 immersion density run no. 3. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 10.909 2.448 22.6 0.7573 3.3747 
2 10.893 2.443 22.6 0.7573 3.3767 
3 10.898 2.446 22.6 0.7573 3.3741 
4 10.894 2.444 22.6 0.7573 3.3756 
5 10.898 2.445 22.6 0.7573 3.3755 
6 10.902 2.447 22.6 0.7573 3.3740 
7 10.903 2.447 22.6 0.7573 3.3743 
8 10.897 2.444 22.6 0.7573 3.3766 
9 10.891 2.444 22.6 0.7573 3.3747 

10 10.887 2.444 22.6 0.7573 3.3735 
Average — — — — 3.3750 
Std. Dev. — — — — 0.0011 

 

Table A-16.  ITK4-8 immersion density summary. 

Specimen Run 1 Run 2 Run 3 Average  
(g/cm3) 

Std. Dev. 

1 3.3752 3.3752 3.3747 3.3750 0.0003 
2 3.3771 3.3769 3.3767 3.3769 0.0002 
3 3.3742 3.3735 3.3741 3.3739 0.0004 
4 3.3750 3.3742 3.3756 3.3750 0.0007 
5 3.3762 3.3758 3.3755 3.3758 0.0004 
6 3.3758 3.3740 3.3740 3.3746 0.0011 
7 3.3761 3.3746 3.3743 3.3750 0.0010 
8 3.3781 3.3762 3.3766 3.3770 0.0010 
9 3.3863 3.3747 3.3747 3.3786 0.0067 

10 3.4010 3.3745 3.3735 3.3830 0.0156 
Overall — — — 3.3765 0.0027 
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Table A-17.  ITK4-14 immersion density run no. 1. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 11.292 2.533 22.6 0.7573 3.3760 
2 11.353 2.546 22.6 0.7573 3.3769 
3 Sample Does Not Exist 
4 11.406 2.557 22.6 0.7573 3.3781 
5 11.418 2.561 22.6 0.7573 3.3764 
6 11.446 2.567 22.7 0.7573 3.3765 
7 11.467 2.571 22.7 0.7573 3.3774 
8 11.473 2.573 22.7 0.7573 3.3766 
9 11.493 2.578 22.8 0.7572 3.3757 

10 11.493 2.577 22.8 0.7572 3.3770 
11 11.497 2.579 22.8 0.7572 3.3755 
12 11.500 2.579 22.8 0.7572 3.3764 
13 11.513 2.582 22.8 0.7572 3.3763 
14 11.501 2.580 22.8 0.7572 3.3754 
15 11.464 2.571 22.8 0.7572 3.3763 
16 11.474 2.573 22.8 0.7572 3.3766 
17 11.452 2.568 22.8 0.7572 3.3767 
18 11.455 2.569 22.8 0.7572 3.3763 
19 11.379 2.552 22.8 0.7572 3.3762 
20 11.319 2.538 22.8 0.7572 3.3770 

Average — — — — 3.3765 
Std. Dev. — — — — 0.0006 

Table A-18.  ITK4-14 immersion density run no. 2. 

Specimen Initial Mass  
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density  
(g/cm3) 

Sample Density 
(g/cm3) 

1 11.292 2.534 22.8 0.7572 3.3742 
2 11.353 2.546 22.8 0.7572 3.3765 
3 Sample Does Not Exist 
4 11.406 2.558 22.8 0.7572 3.3763 
5 11.417 2.560 22.8 0.7572 3.3769 
6 11.446 2.567 22.8 0.7572 3.3763 
7 11.467 2.571 22.8 0.7572 3.3772 
8 11.474 2.573 22.8 0.7572 3.3766 
9 11.494 2.578 22.8 0.7572 3.3760 

10 11.491 2.577 22.8 0.7572 3.3764 
11 11.497 2.577 22.8 0.7572 3.3782 
12 11.500 2.579 22.8 0.7572 3.3764 
13 11.513 2.581 22.8 0.7572 3.3776 
14 11.503 2.580 22.8 0.7572 3.3760 
15 11.464 2.570 22.8 0.7572 3.3776 
16 11.474 2.572 22.8 0.7572 3.3780 
17 11.451 2.567 22.8 0.7572 3.3778 
18 11.455 2.569 22.8 0.7572 3.3763 
19 11.380 2.551 22.8 0.7572 3.3779 
20 11.318 2.539 22.8 0.7572 3.3753 

Average — — — — 3.3767 
Std. Dev. — — — — 0.0010 
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Table A-19.  ITK4-14 immersion density run no. 3. 

Specimen Initial Mass 
(g) 

Immersion Mass 
(g) 

Kerosene Temp. 
(˚C) 

Kerosene Density 
(g/cm3) 

Sample Density 
(g/cm3) 

1 11.291 2.534 23.0 0.7571 3.3735 
2 11.353 2.547 23.0 0.7571 3.3747 
3 Sample Does Not Exist 
4 11.406 2.557 23.0 0.7571 3.3772 
5 11.418 2.560 23.0 0.7571 3.3768 
6 11.446 2.568 23.0 0.7571 3.3745 
7 11.467 2.570 23.0 0.7571 3.3781 
8 11.472 2.572 22.9 0.7572 3.3771 
9 11.494 2.579 22.9 0.7572 3.3744 

10 11.490 2.576 22.9 0.7572 3.3772 
11 11.496 2.578 22.9 0.7572 3.3763 
12 11.500 2.580 23.0 0.7571 3.3747 
13 11.512 2.580 23.0 0.7571 3.3782 
14 11.502 2.580 23.0 0.7571 3.3753 
15 11.464 2.571 23.0 0.7571 3.3759 
16 11.474 2.573 23.0 0.7571 3.3762 
17 11.450 2.567 23.0 0.7571 3.3770 
18 11.454 2.568 23.0 0.7571 3.3769 
19 11.379 2.551 23.0 0.7571 3.3771 
20 11.319 2.538 23.0 0.7571 3.3765 

Average — — — — 3.3762 
Std. Dev. — — — — 0.0013 

 

Table A-20.  ITK4-14 immersion density summary. 

Specimen Run 1 Run 2 Run 3 Average  
(g/cm3) 

Std. Dev. 

1 3.3760 3.3742 3.3735 3.3746 0.0013 
2 3.3769 3.3765 3.3747 3.3760 0.0012 
3 Sample Does Not Exist 
4 3.3781 3.3763 3.3772 3.3772 0.0009 
5 3.3764 3.3769 3.3768 3.3767 0.0003 
6 3.3765 3.3763 3.3745 3.3758 0.0011 
7 3.3774 3.3772 3.3781 3.3776 0.0005 
8 3.3766 3.3766 3.3771 3.3768 0.0003 
9 3.3757 3.3760 3.3744 3.3754 0.0008 

10 3.3770 3.3764 3.3772 3.3769 0.0004 
11 3.3755 3.3782 3.3763 3.3767 0.0013 
12 3.3764 3.3764 3.3747 3.3758 0.0010 
13 3.3763 3.3776 3.3782 3.3774 0.0010 
14 3.3754 3.3760 3.3753 3.3756 0.0004 
15 3.3763 3.3776 3.3759 3.3766 0.0009 
16 3.3766 3.3780 3.3762 3.3769 0.0009 
17 3.3767 3.3778 3.3770 3.3772 0.0005 
18 3.3763 3.3763 3.3769 3.3765 0.0003 
19 3.3762 3.3779 3.3771 3.3771 0.0008 
20 3.3770 3.3753 3.3765 3.3763 0.0008 

Overall — — — 3.3765 0.0008 
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INTENTIONALLY LEFT BLANK.
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Appendix B.  Roundness Measurements 

B.1  ITK4-4 Roundness Measurements   

Table B-1.  Arbitrary measurements:  made at a 
randomly chosen diameter and the 
diameter perpendicular to it. 

Specimen O. D. 1 
(mm) 

O. D. 2
(mm) 

I. D. 1 
(mm) 

I. D. 2 
(mm) 

1 33.98 33.75 24.46 24.40 
2 33.98 33.85 24.47 24.40 
3 33.96 33.97 24.40 24.45 
4 33.98 33.96 24.40 24.35 
5 33.91 33.96 24.42 24.42 
6 33.88 33.99 24.43 24.44 
7 33.92 33.98 24.40 24.46 
8 33.90 33.97 24.39 24.47 
9 33.89 33.96 24.40 24.42 

10 33.89 33.98 24.39 24.46 
11 33.93 33.92 24.41 24.41 
12 33.86 33.91 24.40 24.43 
13 33.85 33.91 24.39 24.47 
15 33.83 33.88 24.41 24.41 
16 33.83 33.85 24.42 24.45 
17 33.82 33.87 24.39 24.43 
18 33.84 33.80 24.40 24.41 
19 33.74 33.79 24.41 24.42 

Table B-2.  Specific measurements:  made based on orientation for 
strength testing. 

 0° 45° 90° 135° 
Specimen O. D. I. D. O. D. I. D. O. D. I. D. O. D. I. D. 

1 33.75 24.48 33.88 24.47 33.87 24.47 33.73 24.42 
2 33.85 24.54 33.83 24.44 33.94 24.49 33.95 24.54 
3 33.92 24.61 33.93 24.53 33.85 24.46 33.88 24.48 
4 33.83 24.52 33.89 24.49 33.93 24.53 33.86 24.49 
5 33.83 24.51 33.93 24.50 33.92 24.51 33.84 24.45 
6 33.94 24.57 33.91 24.51 33.85 24.45 33.89 24.50 
7 33.89 24.54 33.87 24.47 33.94 24.53 33.95 24.55 
8 33.84 24.51 33.89 24.49 33.92 24.50 33.84 24.46 
9 33.94 24.59 33.91 24.50 33.79 24.44 33.90 24.49 
10 33.83 24.52 33.89 24.47 33.94 24.53 33.93 24.50 
11 33.92 24.60 33.86 24.47 33.84 24.45 33.92 24.51 
12 33.84 24.51 33.89 24.51 33.89 24.51 33.84 24.47 
13 33.88 24.58 33.89 24.50 33.84 24.45 33.82 24.42 
15 33.84 24.55 33.89 24.46 33.85 24.47 33.88 24.52 
16 33.80 24.54 33.80 24.45 33.82 24.49 33.82 24.50 
17 33.84 24.58 33.78 24.46 33.75 24.45 33.79 24.47 
18 33.75 24.50 33.72 24.44 33.79 24.48 33.78 24.48 
19 33.74 24.48 33.73 24.44 33.74 24.46 33.70 24.42 
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B.2  ITK4-6 Roundness Measurements 

Table B-3.  Arbitrary measurements:  made at a randomly chosen diameter 
and the diameter perpendicular to it. 

Specimen O. D. 1 
(mm) 

O. D. 2 
(mm) 

I. D. 1 
(mm) 

I. D. 2 
(mm) 

1 33.03 33.02 23.93 23.92 
2 33.05 33.05 23.91 23.93 
3 33.03 33.02 23.92 23.94 
4 33.05 33.03 23.93 23.93 
5 33.03 33.03 23.90 23.91 
6 33.04 33.03 23.91 23.93 
7 33.05 33.02 23.91 23.93 
8 33.04 33.02 23.93 23.90 
9 33.04 33.03 23.93 23.90 

10 33.04 33.03 23.93 23.92 
 

Table B-4.  Specific measurements:  made based on 
orientation for strength testing. 

 0° 
Specimen O. D. I. D.  

1 33.05 24.03 
2 33.03 24.04 
3 33.04 24.04 
4 33.04 24.05 
5 33.05 24.05 
6 33.04 24.05 
7 33.04 24.05 
8 33.04 24.06 
9 33.04 24.03 

10 33.04 24.05 
 
B.3  ITK4-7 Roundness Measurements 

Table B-5.  Arbitrary measurements:  made at a randomly chosen diameter 
and the diameter perpendicular to it. 

Specimen O. D. 1  
(mm) 

O. D. 2 
(mm) 

I. D. 1 
(mm) 

I. D. 2 
(mm) 

1 33.03 33.02 23.87 23.85 
2 33.04 33.04 23.87 23.88 
3 33.04 33.05 23.89 23.89 
4 33.04 33.03 23.88 23.91 
5 33.05 33.04 23.88 23.90 
6 33.04 33.03 23.88 23.91 
7 33.03 33.04 23.92 23.90 
8 33.03 33.05 23.92 23.91 
9 33.05 33.04 23.90 23.92 

10 33.04 33.04 23.92 23.93 
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Table B-6.  Specific measurements:  made based on 
orientation for strength testing. 

 0° 
Specimen O. D. I. D.  

1 33.03 24.03 
2 33.04 24.00 
3 33.04 24.00 
4 33.04 24.00 
5 33.04 24.04 
6 33.04 24.03 
7 33.05 24.05 
8 33.04 24.05 
9 33.04 24.05 

10 33.04 24.05 
 
B.4  ITK4-8 Roundness Measurements 

Table B-7.  Arbitrary measurements:  made at a randomly chosen diameter 
and the diameter perpendicular to it. 

Specimen O. D. 1  
(mm) 

O. D. 2  
(mm) 

I. D. 1 
(mm) 

I. D. 2 
(mm) 

1 33.05 33.05 23.84 23.84 
2 33.06 33.04 23.83 23.86 
3 33.04 33.03 23.85 23.86 
4 33.03 33.04 23.84 23.86 
5 33.05 33.03 23.85 23.86 
6 33.05 33.03 23.86 23.87 
7 33.04 33.03 23.85 23.85 
8 33.03 33.02 23.85 23.85 
9 33.05 33.04 23.87 23.86 

10 33.04 33.03 23.87 23.85 
 

Table B-8.  Specific measurements:  made based on orientation for strength testing. 

 0° 45° 90° 135° 
Specimen O. D. I. D.  O. D. I.D. O. D. I. D. O. D. I. D. 

1 33.03 24.01 33.02 23.88 33.03 23.89 33.02 23.88 
2 33.02 24.00 33.01 23.88 33.01 23.88 33.01 23.88 
3 33.04 24.00 33.02 23.90 33.00 23.89 33.01 23.90 
4 33.03 23.97 33.03 23.87 33.02 23.89 33.01 23.87 
5 33.04 23.98 33.01 23.87 33.02 23.86 33.00 23.88 
6 33.04 23.98 33.02 23.90 33.03 23.88 33.02 23.90 
7 33.04 23.98 33.03 23.88 33.01 23.89 33.02 23.90 
8 33.04 24.00 33.02 23.91 33.03 23.89 33.02 23.90 
9 33.03 24.01 33.02 23.91 33.04 23.91 33.02 23.91 

10 33.04 24.00 33.02 23.88 33.03 23.90 33.03 23.90 
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B.5  ITK4-14 Roundness Measurements 

Table B-9.  Arbitrary measurements:  made at a randomly chosen 
diameter and the diameter perpendicular to it. 

Specimen O. D. 1  
(mm) 

O. D. 2 
(mm) 

I. D. 1 
(mm) 

I. D. 2 
(mm) 

1 33.64 33.68 24.38 24.38 
2 33.74 33.76 24.40 24.42 
4 33.80 33.80 24.43 24.42 
5 33.81 33.84 24.43 24.44 
6 33.84 33.86 24.43 24.40 
7 33.85 33.86 24.44 24.44 
8 33.86 33.88 24.42 24.44 
9 33.86 33.88 24.42 24.44 

10 33.89 33.88 24.44 24.44 
11 33.89 33.91 24.44 24.45 
12 33.89 33.91 24.43 24.45 
13 33.92 33.89 24.43 24.41 
14 33.93 33.84 24.44 24.41 
15 33.87 33.91 24.44 24.44 
16 33.85 33.91 24.42 24.48 
17 33.92 33.85 24.41 24.42 
18 33.80 33.91 24.43 24.46 
19 33.79 33.90 24.46 24.46 
20 33.80 33.72 24.44 24.44 

 

Table B-10.  Specific measurements:  made based on orientation for strength testing. 

 0° 45° 90° 135° 
Specimen O. D. I. D. O. D. I. D. O. D. I. D. O. D. I. D. 

1 33.70 24.49 33.70 24.46 33.70 24.46 33.66 24.43 
2 33.75 24.53 33.74 24.48 33.74 24.49 33.75 24.51 
4 33.80 24.54 33.80 24.51 33.80 24.51 33.76 24.49 
5 33.80 24.54 33.82 24.52 33.80 24.51 33.79 24.51 
6 33.85 24.54 33.84 24.52 33.82 24.51 33.80 24.51 
7 33.84 24.53 33.83 24.48 33.85 24.52 33.84 24.51 
8 33.85 24.51 33.85 24.51 33.85 24.52 33.85 24.52 
9 33.85 24.49 33.85 24.51 33.85 24.51 33.85 24.52 

10 33.90 24.55 33.88 24.52 33.87 24.52 33.88 24.53 
11 33.89 24.52 33.88 24.53 33.87 24.52 33.87 24.51 
12 33.85 24.50 33.89 24.52 33.89 24.53 33.89 24.52 
13 33.90 24.55 33.85 24.48 33.87 24.52 33.90 24.53 
14 33.83 24.50 33.88 24.48 33.90 24.56 33.87 24.52 
15 33.82 24.49 33.76 24.48 33.90 24.54 33.90 24.53 
16 33.88 24.54 33.80 24.48 33.83 24.51 33.90 24.54 
17 33.90 24.57 33.89 24.51 33.82 24.48 33.79 24.48 
18 33.87 24.54 33.88 24.54 33.79 24.49 33.79 24.49 
19 33.80 24.50 33.88 24.53 33.80 24.51 33.76 24.48 
20 33.80 24.55 33.70 24.51 33.73 24.48 33.80 24.46 
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Appendix C.  Diametral Compression Results 

Table C-1.  ITK4-4 diametral compression results. 

Sample Max Load 
(N) 

ra = (ro+ri)/2 
(mm) 

b  
(mm) 

t  
(mm) 

y = ra-r  
(mm) 

I  
(mm) 

Ψ 
(°) 

Stress  
(MPa) 

1 2856 14.56 7.92 4.64 2.32 65.72 0 466.96 
2 2589 14.60 7.92 4.66 2.33 66.57 0 420.83 
3 2820 14.63 7.92 4.66 2.33 66.57 0 459.48 
4 2950 14.59 7.92 4.66 2.33 66.57 0 479.18 
5 2706 14.59 7.92 4.66 2.33 66.75 30 76.03 
6 2467 14.63 7.92 4.69 2.34 67.87 0 396.69 
7 2446 14.61 7.92 4.68 2.34 67.44 0 394.46 
8 3000 14.59 7.92 4.67 2.33 66.96 0 485.52 
9 2631 14.63 7.92 4.68 2.34 67.44 0 425.02 

10 2779 14.59 7.92 4.66 2.33 66.53 0 451.69 
11 2552 14.63 7.92 4.66 2.33 66.79 0 414.85 
12 2517 14.59 7.91 4.67 2.33 66.92 0 407.61 
13 2611 14.62 7.89 4.65 2.33 66.11 0 427.45 
14 Does Not Exist 
15 2761 14.60 7.92 4.65 2.32 66.15 0 450.72 
16 2472 14.59 7.92 4.63 2.32 65.51 0 405.82 
17 2183 14.61 7.92 4.63 2.32 65.51 0 358.86 
18 2381 14.56 7.92 4.63 2.31 65.29 0 391.12 
19 2232 14.56 7.92 4.63 2.32 65.51 0 365.66 

Average — — — — — — — 424.49 
Std. Dev. — — — — — — — 36.53 

 
 

Average 
Strength  

(MPa) 

Std.  
Dev.  

(MPa) 

Characteristic 
Strength 
(MPa) 

Lower  
Bound  
(MPa) 

Upper  
Bound  
(MPa) 

Weibull  
Modulus 

Lower  
Bound 

Upper  
Bound 

424.49 36.53 440.01 426.33 455.91 12.29 8.95 17.02 
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Table C-2.  ITK4-6 diametral compression results. 

Sample Max Load  
(N) 

ra = (ro+ri)/2  
(mm) 

b  
(mm) 

t  
(mm) 

y = ra-r  
(mm) 

I  
(mm) 

Ψ 
(°) 

Stress  
(MPa) 

1 4319 14.27 7.92 4.51 2.26 60.51 0 731.58 
2 4509 14.27 7.91 4.50 2.25 59.87 0 769.22 
3 4489 14.27 7.94 4.50 2.25 60.29 0 761.36 
4 4270 14.27 7.93 4.50 2.25 60.02 0 726.87 
5 4247 14.28 7.93 4.50 2.25 60.22 0 721.47 
6 4227 14.27 7.93 4.50 2.25 59.98 0 720.00 
7 4274 14.27 7.93 4.50 2.25 59.98 0 728.01 
8 4141 14.28 7.92 4.49 2.25 59.74 0 707.50 
9 4379 14.27 7.93 4.51 2.25 60.38 0 742.33 

10 4098 14.27 7.92 4.50 2.25 59.94 0 698.47 
Average — — — — — — — 730.68 
Std. Dev. — — — — — — — 22.01 

 
 

Average 
Strength  

(MPa) 

 
Std. Dev. 

(MPa) 

Characteristic 
Strength  

(MPa) 

Lower  
Bound  
(MPa) 

Upper  
Bound  
(MPa) 

Weibull  
Modulus 

Lower  
Bound 

Upper  
Bound 

730.68 22.01 738.69 727.69 755.46 29.80 19.17 47.19 
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Table C-3.  ITK4-7 diametral compression results. 

Sample Max Load 
(N) 

ra = (ro+ri)/2 
(mm) 

b  
(mm) 

t  
(mm) 

y = ra-r  
(mm) 

I  
(mm) 

Ψ 
(°) 

Stress  
(MPa) 

1 3258 14.27 7.93 4.50 2.25 60.22 0 553.08 
2 3905 14.26 7.93 4.52 2.26 60.99 0 657.24 
3 3917 14.26 7.92 4.52 2.26 60.95 0 659.68 
4 3338 14.26 7.92 4.52 2.26 60.95 0 562.17 
5 3691 14.27 7.93 4.50 2.25 60.22 0 626.80 
6 3597 14.27 7.93 4.51 2.25 60.38 0 609.76 
7 4407 14.28 7.93 4.50 2.25 60.22 0 748.66 
8 3816 14.27 7.92 4.50 2.25 59.94 0 650.41 
9 3604 14.27 7.93 4.50 2.25 59.98 0 613.89 

10 3360 14.27 7.93 4.50 2.25 59.98 0 572.32 
Average — — — — — — — 625.40 
Std. Dev. — — — — — — — 58.15 

 
 

Average 
Strength 
(MPa) 

 
Std. Dev. 

(MPa) 

Characteristic 
Strength  
(MPa) 

Lower  
Bound  
(MPa) 

Upper 
Bound 
(MPa) 

Weibull 
Modulus 

Lower 
Bound 

Upper 
Bound 

625.40 58.15 649.54 614.40 692.79 9.29 5.98 14.72 
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Table C-4.  ITK4-8 diametral compression results. 

Sample Max Load  
(N) 

ra = (ro+ri)/2  
(mm) 

b  
(mm) 

t  
(mm) 

y = ra-r  
(mm) 

I  
(mm) 

Ψ 
(°) 

Stress  
(MPa) 

1 4613 14.26 7.90 4.51 2.26 60.39 0 782.32 
2 4114 14.26 7.89 4.51 2.26 60.32 0 698.33 
3 4019 14.26 7.92 4.52 2.26 60.95 0 676.86 
4 4262 14.25 7.92 4.53 2.27 61.35 0 714.11 
5 4412 14.26 7.92 4.53 2.27 61.35 0 739.51 
6 4569 14.26 7.92 4.53 2.27 61.35 0 765.82 
7 4232 14.26 7.92 4.53 2.27 61.35 0 709.34 
8 4396 14.26 7.92 4.52 2.26 60.95 0 740.35 
9 4411 14.26 7.92 4.51 2.26 60.54 0 746.17 

10 4635 14.26 7.92 4.52 2.26 60.95 0 780.60 
Average — — — — — — — 735.34 
Std. Dev. — — — — — — — 35.37 

 
 

Average 
Strength  
(MPa) 

 
Std. Dev.  

(MPa) 

Characteristic 
Strength  
(MPa) 

Lower  
Bound  
(MPa) 

Upper 
Bound 
(MPa) 

Weibull 
Modulus 

Lower 
Bound 

Upper  
Bound 

735.34 35.37 748.65 732.33 771.23 21.56 13.87 34.14 
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Table C-5.  ITK4-14 diametral compression results. 

Sample Max Load  
(N) 

ra = (ro+ri)/2  
(mm) 

b  
(mm) 

t  
(mm) 

y = ra-r  
(mm) 

I  
(mm) 

Ψ 
(°) 

Stress  
(MPa) 

1 2070 14.55 7.92 4.61 2.30 64.45 0 342.64 
2 1980 14.57 7.92 4.61 2.31 64.66 0 327.54 
3 Does Not Exist 
4 2490 14.59 7.92 4.63 2.32 65.51 0 408.77 
5 2349 14.59 7.92 4.63 2.32 65.51 0 385.62 
6 2587 14.60 7.92 4.66 2.33 66.57 0 420.51 
7 2572 14.59 7.92 4.66 2.33 66.57 0 417.92 
8 2975 14.59 7.92 4.67 2.34 67.22 0 480.22 
9 2632 14.59 7.92 4.68 2.34 67.65 0 422.90 

10 2922 14.61 7.92 4.68 2.34 67.44 0 471.39 
11 NO DATA 14.60 7.92 4.69 2.34 67.87 NO DATA 
12 3026 14.59 7.92 4.68 2.34 67.39 0 487.64 
13 2306 14.61 7.92 4.68 2.34 67.44 0 372.01 
14 2187 14.58 7.92 4.67 2.33 67.00 0 353.60 
15 2973 14.58 7.92 4.67 2.33 66.96 0 480.82 
16 2658 14.61 7.92 4.67 2.34 67.22 0 429.50 
17 2936 14.62 7.92 4.67 2.33 66.96 0 476.14 
18 3008 14.60 7.92 4.67 2.33 67.00 0 487.01 
19 2976 14.58 7.89 4.65 2.33 66.11 0 485.87 
20 2595 14.59 7.91 4.63 2.31 65.21 0 427.54 

Average — — — — — — — 426.54 
Std. Dev. — — — — — — — 53.40 

 
 

Average 
Strength  
(MPa) 

 
Std. Dev.  

(MPa) 

Characteristic 
Strength  
(MPa) 

Lower 
Bound  
(MPa) 

Upper  
Bound  
(MPa) 

Weibull  
Modulus 

Lower  
Bound 

Upper  
Bound 

426.54 53.4 448.18 429.76 469.26 9.38 6.83 12.98 
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Appendix D.  Fractography 

 

Figure D-1.  ITK4-4 specimen 1. 

 

Figure D-2.  ITK4-4 specimen 2. 
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Figure D-3.  ITK4-4 specimen 3. 

 

 

Figure D-4.  ITK4-4 specimen 4. 
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Figure D-5.  ITK4-4 specimen 5. 

 

 

Figure D-6.  ITK4-4 specimen 6. 
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Figure D-7.  ITK4-4 specimen 7. 

 

 

Figure D-8.  ITK4-4 specimen 8. 
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Figure D-9.  ITK4-4 specimen 9. 

 

 

Figure D-10.  ITK4-4 specimen 10. 
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Figure D-11.  ITK4-4 specimen 11. 

 

 

Figure D-12.  ITK4-4 specimen 12. 
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Figure D-13.  ITK4-4 specimen 13. 

 

 

Figure D-14.  ITK4-4 specimen 15. 
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Figure D-15.  ITK4-4 specimen 16. 

 

 

Figure D-16.  ITK4-4 specimen 17. 
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Figure D-17.  ITK4-4 specimen 18. 

 

 

Figure D-18.  ITK4-4 specimen 19. 
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Figure D-19.  ITK4-6 specimen 1. 

 

 

Figure D-20.  ITK4-6 specimen 2. 
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Figure D-21.  ITK4-6 specimen 3. 

 

 

Figure D-22.  ITK4-6 specimen 4. 
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Figure D-23.  ITK4-6 specimen 5. 

 

 

Figure D-24.  ITK4-6 specimen 6. 
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Figure D-25.  ITK4-6 specimen 7. 

 

 

Figure D-26.  ITK4-6 specimen 8. 
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Figure D-27.  ITK4-6 specimen 9. 

 

 

Figure D-28.  ITK4-6 specimen 10. 
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Figure D-29.  ITK4-7 specimen 1. 

 

 

Figure D-30.  ITK4-7 specimen 2. 
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Figure D-31.  ITK4-7 specimen 3. 

 

 

Figure D-32.  ITK4-7 specimen 4. 
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Figure D-33.  ITK4-7 specimen 5. 

 

 

Figure D-34.  ITK4-7 specimen 6. 
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Figure D-35.  ITK4-7 specimen 7. 

 

 

Figure D-36.  ITK4-7 specimen 8. 
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Figure D-37.  ITK4-7 specimen 9. 

 

 

Figure D-38.  ITK4-7 specimen 10. 
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Figure D-39.  ITK4-8 specimen 1. 

 

 

Figure D-40.  ITK4-8 specimen 2. 
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Figure D-41.  ITK4-8 specimen 3. 

 

 

Figure D-42.  ITK4-8 specimen 4. 
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Figure D-43.  ITK4-8 specimen 5. 

 

 

Figure D-44.  ITK4-8 specimen 6. 
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Figure D-45.  ITK4-8 specimen 7. 

 

 

Figure D-46.  ITK4-8 specimen 8. 
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Figure D-47.  ITK4-8 specimen 9. 

 

 

Figure D-48.  ITK4-8 specimen 10. 
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Figure D-49.  ITK4-14 specimen 1. 

 

 

Figure D-50.  ITK4-14 specimen 2. 
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Figure D-51.  ITK4-14 specimen 4. 

 

 

Figure D-52.  ITK4-14 specimen 5. 
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Figure D-53.  ITK4-14 specimen 6. 

 

 

Figure D-54.  ITK4-14 specimen 7. 
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Figure D-55.  ITK4-14 specimen 8. 

 

 

Figure D-56.  ITK4-14 specimen 9. 
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Figure D-57.  ITK4-14 specimen 10. 

 

 

Figure D-58.  ITK4-14 specimen 11. 
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Figure D-59.  ITK4-14 specimen 12. 

 

 

Figure D-60.  ITK4-14 specimen 13. 
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Figure D-61.  ITK4-14 specimen 14. 

 

 

Figure D-62.  ITK4-14 specimen 15. 
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Figure D-63.  ITK4-14 specimen 16. 

 

 

Figure D-64.  ITK4-14 specimen 17. 
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Figure D-65.  ITK4-14 specimen 18. 

 

 

Figure D-66.  ITK4-14 specimen 19. 
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Figure D-67.  ITK4-14 specimen 20. 
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  221 S EMERSON 
  MOUNT PROSPECT IL 60056  
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  CLEVELAND OH 44135 
 
 1 LLNL DEFENSE TECHNOLOGIES 
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  UNIVERSITY PARK PA  16802 
 
 1 UNIV OF DETROIT MERCY 
  M JENKINS 
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  GOLDEN CO 80401 
 
 1 KENNAMETAL INC 
  R YECKLEY 
  1600 TECHNOLOGY WAY 
  LATROBE PA 15650 
 
 1 KENNAMETAL ENGINEERED 
  PRODUCTS GROUP 
  W HUSTON 
  2879 AERO PARK DR 
  TRAVERSE CITY MI  49686 
 
 1 SAINT-GOBAIN ADVNCD CERAMICS 
  J RUPPEL 
  23 ACHESON DR 
  NIAGARA FALLS NY 14303 
 
 3 A WOODRUFF 
  182 WALTON DR 
  MORRISVILLE PA 19067 
 
 1 OAK RIDGE NATIONAL LAB 
  A WERESZCZAK 
  1 BETHEL VALLEY RD 
  BLDG 4515 RM 256 
  PO BOX 2008  MS 6068 
  OAK RIDGE TN 37831-6068
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